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strated that bathing retinal explants from newborn miceNeed Rods? Get Glycine
in a taurine transporter inhibitor did not alter the increaseReceptors and Taurine in rod production caused by taurine. This suggests that
taurine exerts its actions by binding to a receptor on
the progenitor cells.
Taurine is known to act on glycine receptors (Flint et
Taurine, a multifunctional amino acid prevalent in de- al., 1998). Given the structural similarity of taurine,
veloping nervous tissues, regulates the number of rod GABA, and glycine, Young and Cepko tested whether
photoreceptors in developing postnatal rodent retina. antagonists to GABA and glycine receptors blocked the
In this issue of Neuron, Young and Cepko show that action of taurine. They found that these antagonists did
taurine acts via GlyR2 subunit-containing glycine re- block the increase in rods caused by taurine (Figure 1B).
ceptors expressed by retinal progenitor cells at birth. Do rod progenitor cells express receptors that can
be activated by taurine? Retinal progenitor cells in the
region of the retina where rods are being born expressedFormation of the vertebrate central nervous system
(CNS) relies on both intrinsic and extrinsic signaling mol- GlyR2 subunits at birth, coincident with the peak of
rod generation, but not at an earlier, embryonic ageecules to regulate the generation of specific cell types
from precursor cells. Cell fate choice by these precur- (E16). Furthermore, artificially induced expression of
GlyR2 receptors in progenitor cells at E16 resulted insors can require the simultaneous availability of extra-
cellular factors and the expression of appropriate mole- an increased number of rods being generated (Figure
1D). This finding implies that the expression of GlyR2cules, such as surface receptors, responsive to those
factors. Production of specific cell types during normal was the temporal event that initiated taurine’s action.
Interestingly, this abundance of rods coincided with adevelopment of the retina progresses in a general order.
Rod photoreceptor generation peaks around the time decrease in the number of Mu¨ller cells and other progen-
itors, suggesting that progenitor cells which would nor-of birth. Cone photoreceptors, ganglion cells, and ama-
crine cells are born earlier; Mu¨ller glia and bipolar cells mally have continued on to generate Mu¨ller cells were
instead pushed to adopt a rod fate.are born later. This orderly temporal pattern suggests
that the expression of extracellular factors or responsive How could taurine activation of a glycine receptor,
normally a chloride-conducting receptor at inhibitorymolecules might also exhibit distinct timing sequences
(the competence model; Cepko et al., 1996; reviewed synapses, induce cell fate decisions? Glycine and GABA
are known to depolarize neurons early in development.in Livesey and Cepko, 2001).
Taurine is an amino acid structurally similar to the Taurine was shown to depolarize young neurons in corti-
cal cultures and to raise calcium by action on glycineneurotransmitters glycine and GABA. Found in the ma-
ture CNS and in abundance during embryonic and post- receptors (Flint et al., 1998). Taurine could be acting
similarly on GlyR2 subunit-containing receptors in rodnatal CNS development, taurine plays important roles in
the formation and maintenance of neural tissue. Kittens progenitor cells.
Cepko and her colleagues provide evidence that tau-born to cats fed taurine-free diets exhibit retinal degen-
eration and defects in neuronal differentiation in the CNS rine stimulates rod cell fate decisions in both mitotic
and postmitotic cells. Young and Cepko (2004) counted(Sturman, 1986). Altshuler et al. (1993) discovered that
taurine increased the numbers of rod photoreceptors the number of cells generated from individual progenitor
cells. They found that taurine treatment reduced thegenerated by retinal cultures from newborn rat pups.
This experiment raised the question of whether retinal average number of cells in clones without an increase
in the number of apoptotic cells. They surmised thattaurine regulated cell fate processes by acting on a
surface receptor. In the neocortex, taurine acts on na- decreased clone size was due to the early exit of progen-
itors from mitosis. In contrast, Altshuler and Cepkoscent neurons through glycine receptors to depolarize
them and increase intracellular calcium (Flint et al., (1992) demonstrated that taurine applied to older retinal
cultures, which predominantly contain postmitotic cells,1998). In this issue of Neuron, Young and Cepko (2004),
using an impressive array of techniques, show convinc- increased the numbers of rods above control values.
Not being satisfied with using glycine receptor antag-ingly that taurine acts via glycine receptors (GlyR) con-
taining the GlyR2 subunit to cause retinal progenitor onists and early expression of GlyR2 receptors to sup-
port their case for the involvement of these receptorscells to adopt a rod photoreceptor fate. Taurine activa-
tion of these receptors could depolarize precursor cells in regulating the number of rods being generating during
development, the authors went one step further to showand increase cytosolic calcium and thereby push these
cells to choose the rod fate (Figure 1A). that knockdown of GlyR2 decreased rod numbers in
vivo (Figure 1C). In these experiments, Young and CepkoBefore considering receptor-mediated pathways, it is
wise to check other known pathways of taurine action. transfected retinal progenitor cells with small inhibitory
RNA (siRNA) constructs specific for the GlyR2 subunitPlasma membrane transporters can sequester taurine
from the extracellular milieu into the cytosol of neurons in rats at birth. Consistent with the other experiments,
siRNA reduced the number of rods that developed andand glia (Pow et al., 1994). It is possible that increased
taurine content inside progenitor cells pushed these concomitantly increased the number of Mu¨ller, bipolar,
and progenitor cells.cells to a rod fate. Young and Cepko (2004) demon-
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2002). These mice exhibit progressive retinal degenera-
tion with shortening of the photoreceptor outer and inner
segments. However, the outer nuclear layer, where rod
somata reside, is largely preserved at early postnatal
ages. Considering the Young and Cepko results, one
would predict that the lowering of retinal taurine concen-
trations, as seen in the taurine transporter knockout
mouse, would lead to generation of fewer rods. One
possible resolution of this apparent discrepancy is that
the taurine levels in the knockout mice, although lower
than normal, were actually still high enough to lead to
the normal number of rods. Indeed, the taurine levels
used in the in vitro experiments of Young and Cepko
(2004) were comparable to the plasma levels in the
knockout mice. Perhaps more importantly, the progres-
sive retinal degeneration in the mice with the taurine
transporter deletion highlights the need for taurine in
photoreceptor maturation and maintenance. Taurine is
known to be accumulated by both photoreceptors and
Mu¨ller cells in adult retina (Pow et al., 1994). This accu-
mulation would most likely be mediated by a taurine
transporter and could easily be independent of GlyR2
activation.
Generation of various cell types from multipotent pro-
genitors results from developmental expression of in-
trinsic receptive molecules that sense extracellular
factors. Young and Cepko reveal that GlyR2 subunit-
containing receptors respond to extracellular taurine at
birth in the retina. One critical question is whether taurine
activation of these particular receptors mediates cell
fate decisions in other CNS regions. Certainly, the effectFigure 1. Taurine Regulation of Rod Generation in the Rodent
of taurine dietary depletion on neuronal differentiationRetina
in kittens suggests a more widespread action of taurine(A) Proposed model for taurine regulation of retinal rods at birth (P0,
(Sturman, 1986). A family of further questions remains onpostnatal day 0).
(B) Blockade of glycine receptors (GlyR2) at P0 with strychnine the identification and characterization of the intracellular
results in a decrease in the number of rods. signaling pathways activated by taurine via GlyR2.
(C) Knockdown of GlyR2 with siRNA at P0 causes a decrease in Does receptor activation increase calcium in rod pro-
the number of rods. genitors, following the findings of Flint et al. (1998) in
(D) Early developmental expression of GlyR2 at embryonic day 16
neocortical cells? This remains to be determined. If cal-(E16) results in an increase in the number of rods.
cium is elevated by taurine, what are the downstream
effects? What critical changes in gene expression pat-
terns might this cause? At what point can we say thatIs activation of glycine receptors the whole story?
a retinal progenitor has committed to becoming a rod?Notably, addition of glycine itself did not mimic the effect
Timing and coordination of cell signaling pathwaysof taurine. This implies that taurine activates a second
are required to direct cell fate decision-making of pro-class of receptors or activates GlyR2 differently than
genitors in the developing CNS. The retina is sheddingdoes glycine. In addition, it appears that GABA or taurine
light on these processes.activation of GABA(A) receptors might be involved. If
retinal explants were simultaneously bathed in both gly-
cine and GABA, more rods were generated. The action of Rene´ C. Renterı´a, Juliette Johnson,
taurine in the GABA pathway was not readily apparent. and David R. Copenhagen
Bicuculline, a potent GABA(A) receptor antagonist, Department of Ophthalmology
blocked the effect of taurine on rod generation. This Department of Physiology
could have resulted from a direct antagonistic action of School of Medicine
bicuculline on GlyR2 subunits, as has been observed University of California
in mouse embryonic neurons (Thio et al., 2003). Alterna- San Francisco, California 94143
tively, taurine could be acting directly on GABA(A) recep-
tors or regulating GABA release. As pointed out by Selected Reading
Young and Cepko, much more work must be done to
understand how GABA or GABA receptors are involved Altshuler, D., and Cepko, C.L. (1992). Development 114, 947–957.
in these taurine-mediated actions. Altshuler, D., Lo Turco, J.J., Rush, J., and Cepko, C.L. (1993). Devel-
Does taurine have other retinal functions? In trans- opment 119, 1317–1328.
genic mice with a taurine transporter deletion, taurine Cepko, C.L., Austin, C.P., Yang, X., Alexiades, M., and Ezzeddine,
D. (1996). Proc. Natl. Acad. Sci. USA 93, 589–595.levels in the eye were reduced 4-fold (Heller-Stilb et al.,
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Flint, A.C., Liu, X., and Kriegstein, A.R. (1998). Neuron 20, 43–53. In the AChBP, as in homopentameric ACh receptors,
Heller-Stilb, B., van Roeyen, C., Rascher, K., Hartwig, H.-G., Huth, these two surfaces are formed by opposite sides of the
A., Seeliger, M.W., Warskulat, U., and Ha¨ussinger, D. (2002). FASEB one subunit.
J. 16, 231–233. In their latest exploitation of the AChBP, Sixma and
Livesey, F.J., and Cepko, C.L. (2001). Nat. Rev. Neurosci. 2, 109–118. her colleagues (Celie et al., 2004) determined the interac-
Pow, D.V., Crook, D.K., and Wong, R.O. (1994). Vis. Neurosci. 11, tions at high resolution of the binding site with two ago-
1115–1134. nists, nicotine and carbamylcholine. These ligands are
Sturman, J.A. (1986). Ann. N Y Acad. Sci. 477, 196–213. completely buried in the binding site, where they have
Thio, L.L., Shanmugam, A., Isenberg, K., and Yamada, K. (2003). J. more direct contacts with the principal side of the site
Neurophysiol. 90, 89–99. than with the complementary side. The overall contact
Young, T.L., and Cepko, C.L. (2004). Neuron 41, this issue, 867–879. area is 125 A˚2 for nicotine and 106 A˚2 for carbamylcho-
line. The ligands are surrounded by five aromatic side
chains and by the sulfurs of the disulfide bond between
the adjacent Cys. In addition, three other residues make
contacts. The residues forming the principal side of the
binding site are Tyr89, Trp143, Tyr185, Cys187, Cys188,A Touching Picture
and Tyr192, and all of these are aligned with identicalof Nicotinic Binding ACh receptor  subunit residues implicated in ligand
binding. The residues in the AChBP forming the comple-
mentary side of the binding site are Trp53, Arg104,
Leu112, and Met114, which have counterparts in mus-The snail acetylcholine binding protein (AChBP) is ho-
cle-type ACh receptor  and  subunits and were alsomologous to the extracellular domains of the nicotinic
previously implicated in ligand binding.ACh receptors. In this issue of Neuron, Celie et al.
The dispositions and contacts of the two ligands areshow how the crystal structures of AChBP in com-
somewhat different, consistent with their different struc-plexes with carbamylcholine and nicotine reveal the
tures. One key similarity is the electrostatic interactionbasis for agonist recognition by ACh receptors.
between the positive charge in each ligand and the
backbone carbonyl of Trp143. The carbonyl oxygen isThe acetylcholine binding protein (AChBP) is a homo-
apposed to the ammonium nitrogen of the pyrrolidinepentamer of gracefully overlapping subunits that form
ring in nicotine and to the C2 methylene carbon next tothe walls of a pentagonal atrium (Brejc et al., 2001).
the trimethyl ammonium group in carbamylcholine. It isThis protein was discovered in a DNA library from a
apparent that the choline-positive charge is shared byfreshwater snail. ACh stimulates the secretion of AChBP
this carbon. As the authors point out, short carbonylby glia into cholinergic synapses, where it binds ACh
to choline contacts are common. The negativity of theand modulates neurotransmission (Smit et al., 2001).
Trp143 carbonyl oxygen may be enhanced by the under-The AChBP subunit is homologous to the N-terminal
lying Asp85 side chain carboxylate, which makes a
extracellular halves of the subunits of the ionotropic
H bond to the backbone NH of Thr144, bonded to the
receptors for ACh, GABA, serotonin, and Gly. These
Trp143 carbonyl. In addition, the polar hydroxyl of Tyr89
receptors belong to the Cys-loop-receptor superfamily,
is close to the quaternary ammonium of carbamylcho-
so named because of the conserved 15-residue loop line. The positively charged ammonium of the ligands
closed by a disulfide bond between the cysteines that may also be attracted by polarized  electrons (Zhong
begin and end the loop sequence. The AChBP, by con- et al., 1998), mainly of Trp143 and to a lesser extent of
trast, has 14 residues in this loop. Among these recep- the other nearby aromatic residues (Celie et al., 2004).
tors, the AChBP is most similar to the vertebrate neu- There are several close contacts between nonpolar
ronal ACh receptors composed of five 7 subunits, with atoms of the ligand and of the binding site residues,
which the AChBP subunit has 26% sequence identity. including the sulfurs of the disulfide, and shielding these
The AChBP binds ACh-receptor agonists such as atoms from contact with water adds favorable hy-
ACh, carbamylcholine, nicotine, and epibatidine and drophobic interactions to the free energy of binding.
competitive antagonists such as ()-tubocurarine and AChBP binds nicotine 170 times more tightly than
-bungarotoxin. The spectrum of affinities of AChBP carbamylcholine, which is likely due to an additional H
resembles that of the homopentamer of 7. bond to nicotine, to its larger buried surface area, and
The AChBP was originally crystallized in 100 mM to its more rigid structure (Celie et al., 2004). The free
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonate acid energies of binding for nicotine and carbamylcholine are
(HEPES) buffer, and the crystal structure had HEPES in parsed into favorable Hs of 14.5 and 12.5 kcal/
what was obviously the binding site. The piperazinium mol and unfavorable TSs of 4.5 and 6.5 kcal/mol,
moiety was in a pocket between subunits surrounded respectively. The gain in enthalpy is largely due to elec-
by residues identical to, and aligned with, the residues trostatic interactions and H bonds, and the loss in en-
inferred from the results of affinity labeling and of muta- tropy is due to the immobilization of the ligand and
genesis to line the ACh binding sites in the ACh recep- of the protein side chains and backbone, which must
tors (Karlin, 2002; Le Novere et al., 2002). In muscle- outweigh the gain in entropy due to the mobilization of
type ACh receptor, of composition 2, the surface water upon the burying of molecular surfaces.
of the binding site formed by  subunit residues is called Sixma and her collaborators compared the structures
the principal side, and the surface formed by either of the agonist-occupied AChBP and the HEPES-occu-
pied AChBP. (The structure of truly unliganded AChBP or  subunit residues is called the complementary side.
